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The aim of this study was to makea comparisonofthe compressive properties of the goattemporomandibular joint (TMJ) disc to
the mandibular condylar cartilage (MCC) and to explore the transversely isotropic biphasic model. Samples taken mediolaterally
from three regions of the TMJ disc and MCC were tested in unconﬁned compression at strain levels ranging from 10% to 50%
and then assessedfor biochemical content. The results indicated that the TMJ disc exhibits a signiﬁcantlygreater tangent modulus
than the MCC from 20% to 50% strain with values ranging from 729 ± 267 to 2413 ± 406kPa and 363 ± 169 to 1677 ± 538kPa,
respectively (P<. 05). The collagen content of the TMJ disc was signiﬁcantly greater than the MCC, while the opposite held for
the glycosaminoglycan (GAG) and DNA content. The results emphasize fundamental diﬀerences between the articulating tissues
of the TMJ.
1.Introduction
The temporomandibular joint (TMJ) is a synovial, bilateral
joint formed by the articulation of the condyle of the
mandibleand thearticular eminenceand glenoidfossa of the
temporal bone. It is estimated that 10 million Americans are
aﬀected by TMJ disorders (TMDs), a term encompassing a
variety of conditions which result in positional or structural
abnormalities in the joint [1] .I n d i c a t i o n so fT M D sc a n
include pain, clicking, locking, headaches, joint pain/ten-
derness, restricted range of motion, and painful mastication
[2]. While in many instances the cause is unknown, 11% of
individuals with TMJ disorders have symptoms of TMJ oste-
oarthrosis [3], a pathology which can lead to a cascade
of problems resulting from functional and morphological
changes in the joint [4]. Additionally, up to 70% of people
with TMJ disorders suﬀer from displacement of the TMJ
disc or “internal derangement” of the TMJ [5]. Due to the
frequency and severity of these conditions, it is necessary to
formulate a more comprehensive understanding of the role
of healthy articulating tissues in TMJ function.
TheprimaryfunctionoftheTMJistofacilitatemandibu-
lar motion. The fossa remains stationary throughout jaw
movement,while the mobileportionsofthejointincludethe
condyles of the mandible. A ﬁbrocartilage disc is positioned
between the inferior surface of the articular eminence and
the superior surface of the mandibular condyle. The TMJ
disc helps joint motion by distributing compressive, tensile,
and shear forces [6]. The TMJ disc has a biconcave geometry
and the primary extracellular matrix (ECM) components of
the disc are collagen, proteoglycans, and elastic ﬁbers. The
mandibular condyles consist of bone with a ﬁbrocartilage
layer on the articulating surface. The mandibular condylar
cartilage (MCC) is considerably thinner than the TMJ disc
[7–12], lies adjacent to subchondral bone, and possesses a
distinct zonal organization.
Characterization of the properties of the articulating
tissuesofthejointisanecessary prequeltounderstandingthe
process of pathogenesis as well as tissue-engineering suitable
constructs for replacement of damaged joint ﬁbrocartilage.
In tissue-engineering approaches for ﬁbrocartilage, goat
costal chondrocytes have proven to be a viable cell source2 Journal of Dental Biomechanics
for scaﬀoldless tissue-engineering constructs, due to their
production of high quantities of collagen and GAG [13, 14].
These studies show the potential for the goat as a tissue engi-
neering model. However, a comprehensive mechanical char-
acterization has not been performed. Furthermore, the cur-
rent literature lacks a one-to-one comparison of the regional
compressive behavior of the goat MCC to the TMJ disc.
Since these tissues work synchronously during mandibular
movement, a comparison of their properties is necessary to
provide insight into how the articulating surfaces of the joint
work as a unit.
To date, a phenomenologicalmodel has not been utilized
to describe the unconﬁned compressive behavior of the goat
TMJ tissues. The TMJ disc and MCC in other species have
been characterized as highly organized hydrated, porous,
and permeable solid extracellular matrix tissues [15–17].
The biphasic theory has been shown to successfully model
the behavior of articular cartilage, a similar tissue to the
disc and MCC, by applying two distinct ﬂuid and solid
phases [18]. However, it is known that the ﬁbers of the
TMJ disc run anteroposteriorly in the medial, lateral, and
intermediate zones [19]. Furthermore, the most superior
zone of the MCC has also been shown to possess a transverse
collagen arrangement [20]. Taking into account this ﬁber
alignment, the transversely isotropic biphasic model may
provide an accurate account for the mechanical behavior of
TMJ ﬁbrocartilage when exposed to compressive forces [21].
The aim of this study was to characterize and compare
the intermediate zone, medial, and lateral regions of the
goat TMJ disc and MCC under unconﬁned compression.
A simple mechanical analysis was used to calculate the
percent relaxation and tangent modulus of the various
tissue regions. Additionally, curve ﬁtting the experimental
data to the transversely isotropic biphasic model allowed
for determination of transverse and axial Young’s moduli,
transverse and axial Poisson’s ratios, and tissue permeability.
Additionally, biochemical analysis was performed to deter-
mine the comparative collagen, GAG, and DNA content of
the various regions. We hypothesized that the transversely
isotropic biphasic model can be used to describe the stress
relaxation behavior of both the TMJ disc and MCC in
unconﬁned compression. The results will provide for a more
comprehensive understanding of the mechanical behavior of
the articulating tissues of the TMJ.
2.Methods
2.1. Mechanical Testing. Eight skeletally mature Boer goat
heads were obtained from a local abattoir and dissected
to isolate the disc and MCC within 24 hours of death. A
4mm circular biopsy punch was used to obtain the medial,
lateral, and intermediate sections from the disc and condylar
cartilage (Figure 1). Specimens were wrapped in gauze,
wetted in phosphate buﬀered saline (PBS), and stored at
−20◦C until testing. This method of storage was utilized,
because it has previously been shown to have no eﬀect
on the material properties of the porcine TMJ disc [22].
Prior to testing, samples were allowed to equilibrate for 1
hour in PBS. The tissue punches were then attached to a
compression platen using cyanoacrylate with the inferior
surface of the disc and the superior surface of the condyle
facing up. The specimen diameter was measured prior to
testing using digital calipers. To estimate specimen height,
force was applied to the sample until reaching 0.05N, at
which point the crosshead position was noted and the platen
was immediately removed. The water bath was then ﬁlled
with PBS and the thermocouple was set to 37◦Cp r i o rt o
testing. The MTS Insight was used to measure changes in
force throughout the test. The upper platen was lowered
within 0.1mm of the determined specimen height and a
preload of 0.05N was applied for 30min. The height at the
end ofthe preload was takentobe the height ofthe specimen
and was utilized in subsequent calculations. The specimens
then underwent 10 cycles of preconditioning at 9%/min
until 10% strain was reached. The strain rate parameter was
determined by Sergerie et al. for applying the transversely
isotropic biphasic model to cartilage [23]. Immediately
following preconditioning, a series of ﬁve stress relaxation
tests were performed. The samples were compressed in 10%
increments until50% strain was reached and were allowed to
relax for thirty minutes between increments.
2.2. Compression Analysis. A simple analysis was ﬁrst used
to evaluate the data. A tangent modulus was ﬁt to the linear
portion of the stress strain curve using Matlab. The linear
portion was deﬁned as the last 2% strain of the ramping
phase of each 10% increment. The percent relaxation was
determined by evaluating the ratio of the stress of the relaxed
specimen, with the specimen considered fully relaxed at
30min, to the peak stress.
The transversely isotropic biphasic model [21]w a su s e d
to assess the mechanical properties of the three sections
of the disc and condylar cartilage. The model allows for
the determination of Young’s moduli in the transverse and
axial planes (E1 and E3) ,P o i s s o n ’ sr a t i o sf o rt h et r a n s v e r s e
and axial planes (ν21 and ν31), and the transverse perme-
ability coeﬃcient (k). As previously described [23], a four-
parameter optimization procedure was performed to ﬁnd k,
E1, ν21,a n dν31. Brieﬂy, the Young’s modulus in the axial
plane (E1) was derived from the experimentally obtained
relaxation stress. Using Matlab and the root mean square
error method, the experimental data was ﬁtted to analytical
curves provided by the model. In (1)-(2), αn are the roots
of (7), where J0 and J1 are Bessel functions of the ﬁrst kind,
and the numbers of summations (n)u s e dw a st h en u m b e r
of convergences to 0 for values of x ranging from 0 to 20 (in
incrementsof0.01).Therootequalingzerowasprogrammed
to be greater than −0.02 butless than0.04. The constants Δ1,
Δ2, Δ3,a n dC11 (3)–(6) are calculated after (7)[ 21]. These
constants were then used to determine the loading force (1)
and relaxation force (2).
The uniqueness of the curve ﬁts was tested using several
sets of initial values. 81 diﬀerent combinations of initial
values were used to perform the ﬁt, utilizing 3 guesses
for each parameter. The initial guesses for each parameter
ranged in equal increments from 0.1 to 0.5 for ν21 and ν31,J o u r n a lo fD e n t a lB i o m e c h a n i c s 3
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Figure 1: (a) TMJ disc and (b) MCC. The three test sites (medial, intermediate zone (IZ), and lateral) are indicated on each specimen.
0.1MPa to 10MPa for E1,a n d1× 10−14 m4/Ns to 7 ×
10−14 m4/Ns for k. The ﬁnal parameters were the resulting
average of all solutions with an error less than 1.5 times
the minimum error found for all 81 guesses that complied
with thermodynamic restrictions for a transversely isotropic
material (8)-(9)[ 24]. The model was not ﬁt to individual
curves but the average curve of each tissue per strain step.
The average force response, thickness, and radius of all
sections of the TMJ disc and MCC were used to obtain a set
of parameters for each strain level
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2.3. Biochemistry. The mechanically tested specimens were
allowed to equilibrate for one hour in phosphate buﬀered
saline, and the wet weights were measured. The specimens
were lyophilized for 48 hours in order to obtain the dry
weight. The samples were then digested in a papain solution,
125μg/mL papain in 50mmol phosphate buﬀer containing
5 m m o lN - a c e t y lc y s t e i no v e r n i g h ta t6 0 ◦C[ 25]. The total
hydroxyproline content of the tissue sections was assessed
using the modiﬁed protocol of reacting the samples with
chloramine T and dimethylaminobenzaldehyde that allows
for a colorimetric comparison [26]. The samples were run
against both hydroxyproline and collagen standards, and it
wasfoundthatcollagenisapproximately9%hydroxyproline.
This value was used to calculate the collagen content of
the samples. The DNA content was measured using a
PicoGreen dsDNA Quantitation Kit (Molecular Probes, Inc.,
E u g e n e ,O r e g o n ) .T h et o t a la m o u n to fg l y c o s a m i n o g l y c a n
was measured using a dimethymethylene blue colorimetric
assay kit (Biocolor; Newtownabbey, UK).
2.4. Histology. Histological analysis with polarized light
microscopy was performed to visualize any damage to the
collagen network from the high strains imposed. Samples
from tested (right, intermediate zone) and untested (left,
intermediate zone) goat TMJ discs were embedded in OCT
freezing medium and ﬂash frozen in −80◦C. The samples
were cryosectioned to 12μm in the transverse and axial
planes, stained with hematoxylin and eosin, and imaged
using polarized light.
2.5. Statistical Analysis. A three-way ANOVA was used to
assess diﬀerences between biomechanical values based on4 Journal of Dental Biomechanics
Table 1: Peak stress, equilibrium stress, percent relaxation, and tangent modulus (mean ± standard deviation) of the TMJ disc and MCC
(regions combined). Means within a column that do not share a letter have a diﬀerence that is statistically signiﬁcant (P<. 05).
Tissue Strain level Peak stress (kPa) Equilibrium stress (kPa) % Relaxation Tangent modulus (kPa)
TMJ disc
10 16 ± 72 ± 18 5 ± 7 304 ± 141
ED A F
20 61 ± 26 6 ± 48 9 ± 7 729 ± 267
DC D A D
30 127 ± 40 17 ± 12 87 ± 9 1278 ± 385
CC D A C
40 203 ± 48 45 ± 33 79 ± 12 1856 ± 429
BB C A B
50 291 ± 63 122 ± 75 61 ± 17 2413 ± 406
AA B A
MCC
10 11 ± 52 ± 18 5 ± 6 205 ± 107
ED A F
20 35 ± 17 6 ± 48 4 ± 7 363 ± 169
DE CD A EF
30 71 ± 30 17 ± 11 78 ± 10 616 ± 237
DB C D A D E
40 132 ± 52 56 ± 38 62 ± 18 1077 ± 359
CB B C
50 238 ± 94 152 ± 92 42 ± 23 1677 ± 538
BA C B
Table 2: Average transverse Young’s modulus (E1), axial Young’s modulus (E3), transverse Poisson’s ratio (ν21), axial Poisson’s ratio (ν31),
and tissue permeability (k) of the TMJ disc and MCC (regions combined).
Tissue Strain level E1 (MPa) E3 (MPa) ν21 ν31 k (10−14 m4/Ns)
TMJ disc
10 0.18 0.02 0.10 0.02 4.47
20 0.97 0.07 0.23 0.05 0.78
30 1.93 0.17 0.17 0.06 0.31
MCC
10 0.14 0.01 0.10 0.00 5.48
20 0.61 0.06 0.21 0.02 1.70
30 1.22 0.17 0.23 0.03 0.90
tissue type, region, and strain level for the following factors:
peakstress, equilibriumstress, tangentmodulus,and percent
relaxation. The model utilized can be described as follows:
region (A) is nested within tissue (disc or MCC) (B)a n d
both region and tissue are crossed with strain level (C)( 10).
To determine the diﬀerences between biochemical values a
two-way ANOVA was used based on tissue type and region
for the following factors: collagen content per dry weight,
GAG content per dry weight, DNA content per dry weight,
and percent water per wet weight. Tukey’s post hoc testing
was used to examine diﬀerences between groups for both
analyses. Allstatisticalanalysis was performed usingMinitab.
AB(A)CA∗ CB∗ C. (10)
3.Results
The results from the mechanical assessment showed no
statistically signiﬁcant diﬀerences between the three regions
in both the MCC and TMJ disc for each strain level.
Therefore, the results are expressed in terms of tissue type
(TMJ disc and MCC) for each strain level in Figures 2 and 3
and Tables 1 and 2.
3.1. Simple Analysis. The results from the simple com-
pression analysis are shown in Figure 2 for a comparison
between the disc and MCC and in Table 1 for a further
comparison across strain step. The diﬀerences in peak stress
(Figure 2(a)) between the two tissue types becomes more
profound after 20% strain with the TMJ disc reaching a
peak stress that is signiﬁcantly higher than the MCC (P<
.05). For example, at 30% strain, the disc reaches a peak
stress of 127 ± 40kPa which is signiﬁcantly greater than the
MCC at 71 ± 30kPa (P<. 05). There were also signiﬁcant
diﬀerencesinpeakstressbetweenstrainlevelsforbothtissues
(Table 1). For example, at 30% strain the peak stress of the
disc is 127 ± 40kPa which is signiﬁcantly greater than the
peak stress of 61 ± 26kPa at 20% strain. For the MCC,
at 40% strain the peak stress is 132 ± 52kPa, which is
signiﬁcantly greater than the peak stress of 71 ± 30kPa atJ o u r n a lo fD e n t a lB i o m e c h a n i c s 5
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Figure 2: Simple compression analysis of the TMJ disc (n = 8g o a t s× n = 3 regions) and MCC (n = 8g o a t s× n = 3 regions) at 10%,
20%, 30%, 40%, and 50% strain. (a) Peak stress (b) Equilibrium stress (c) Percent stress relaxation (d). Tangent modulus. The symbol (∗)
indicates signiﬁcance (P<. 05) between the TMJ disc and MCC at each strain step. Error bars indicate S.D.
30% strain (P<. 05). Conversely, with the equilibrium
stress (Figure 2(b)), the diﬀerences between tissues were
not signiﬁcant. The equilibrium stress at 50% strain was
signiﬁcantly higher than all other strain steps (P<. 05) for
boththediscandtheMCCatvaluesof122±75kPaand152±
92kPa, respectively (Table 1). The percent stress relaxation
(Figure2(c))remainedconsistentbetweentissuesatallstrain
levels until 40% strain when the MCC relaxed 62 ± 18%,
signiﬁcantly less than the TMJ disc which relaxed 79 ± 12%
(P<. 05). The diﬀerences between strain levels for percent
relaxation were signiﬁcant at high strain levels for both the
disc and the MCC (Table 1). For instance, the disc relaxed
61 ± 17% at 50% strain, signiﬁcantly less than 79 ± 12%
at 40% strain. The MCC relaxed 62 ± 18% at 40% strain,
signiﬁcantly less than 78 ± 10% at 30% strain (P<. 05). The
TMJdiscshowedasigniﬁcantlyhighertangentmodulusthan
theMCCatalllevelsbeyond10%(Figure2(d)).Forexample,
at 20% strain the tangent modulus of the TMJ disc was
729±267kPa, signiﬁcantly greater than the MCC which was
363±169kPa.Therewerealsosigniﬁcant diﬀerencesbetween6 Journal of Dental Biomechanics
strain level for the tangent moduli of both the disc and MCC
(Table 1). For instance, the tangent modulus for the disc
signiﬁcantly increases from 304 ± 141kPa at 10% strain to
2413±406kPa at50% strain (P<. 05).The tangentmodulus
for the MCC signiﬁcantly increases from 205 ± 107kPa at
10% strain to 1677 ± 538kPa at 50% strain (P<. 05).
3.2. Transversely Isotropic Biphasic Model. It was determined
that the transversely isotropic biphasic model provided a
good ﬁt for the stress response of the TMJ disc and MCC
up to 30% strain. Since the relaxation proﬁle for 40% and
50% strain changed, this data was not ﬁtted to the model.
Theaveragestress response andcurveﬁtfortheTMJdiscand
MCC at 10%, 20%, and 30% strain is shown in Figure 3.T h e
resultspredicted by the transversely isotropic biphasic model
are shown in Table 2.T h em o d e lp r o v i d e dab e t t e rﬁ tf o r
the relaxation portion of the curve due to the fact that more
data points were collected and utilized from the 30-minute
relaxationperiodcomparedtotheshortrampingperiod.The
results show an increase in E1, E3,a n dν31 from 10% to 30%
strain in both the TMJ disc and MCC. Conversely, there is
ad e c r e a s ei nk with increasing strain level in both tissues.
The TMJ disc had a greater E1 and E3 than the MCC at all
strain levels. For example, at 10% strain E1 of the disc is
0.18MPa, while that of the MCC is 0.14MPa. Overall, the
MCC exhibited a greater tissue permeability than the TMJ
disc at all strain levels. For example, the permeability of the
MCC at 10% strain was 5.48 × 10
−14 m4/Ns, while the TMJ
disc was 4.47 ×10−14 m4/Ns.
3.3. Biochemical and Histological Analysis. The results from
the biochemical assessment also showed no statistically
signiﬁcant diﬀerences between the three regions in both the
MCC and TMJ disc. Therefore, the regions were combined
and results are presented by tissue type (Figures 4(a)–4(d)).
The percent collagen content per dry weight of the disc was
45.7 ± 19.6% which was signiﬁcantly higher than the MCC
withacollagencontentof18.6±6.9%(P<. 05)(Figure4(a)).
The GAG content per dry weight of the disc was 2.1 ± 1.2%
which was signiﬁcantly lower than that of the MCC with a
dry weight of 4.2 ± 2.1% (P<. 05) (Figure 4(b)). The DNA
contentperdry weight ofthe disc was 0.1±0.05% which was
also signiﬁcantly lower than the MCC with a DNA content
of 0.3 ± 0.1% (P<. 05) (Figure 4(c)). The percent water
content of the TMJ disc was found to be 79 ±8%, which was
signiﬁcantlylowerthanthatoftheMCCwithawatercontent
of 84 ± 7% (P<. 05) (Figure 4(d)).
The results from the histological assessment are shown
in Figure 5. There is no conclusive evidence of change in
collagenﬁber organization, orientation, integrity, or packing
between the mechanically tested to 50% strain and untested
TMJ disc.
4.Discussion
T h eg o a lo ft h i ss t u d yw a st oc o m p a r et h em e c h a n i c a l
and biochemical properties of the goat TMJ disc to the
MCC. The results indicated that the TMJ disc exhibits a
signiﬁcantly greater tangent modulus and peak stress than
theMCC.Therewerestrainleveldependenciesinpeakstress,
equilibrium stress, percent relaxation, tangent modulus,
Young’s moduli, Poisson’s ratio, and tissue permeability for
both tissue types. The transverse isotropic biphasic model
provided a good ﬁt for the stress-relaxation behavior of both
the TMJ disc and MCC up to 30% strain. Due to the change
in relaxation behavior at 40% and 50% strain, this data was
not applied to the model. Coinciding with previous ﬁndings,
the current assessment showed that the goat TMJ disc is
stiﬀer than the MCC, albeit using diﬀerent testing methods
[27]. This study showed that unlike a regional analysis of
the porcine disc by Allen and Athanasiou [28], the goat disc
does not seem to exhibit regional variations in mechanical
properties with this testing protocol. Conversely, the lack
of signiﬁcant diﬀerences in the middle regions of the goat
MCC corresponds with previous ﬁndings using the porcine
model by Singh and Detamore [29]. Signiﬁcant diﬀerences
between the mechanical properties of the tissues at diﬀerent
strain levels shed light on the function of these tissues
in vivo, suggesting a change in tissue behavior at higher
strains.
The biphasic theory derived by Mow et al. [18]c a nb e
usedtodescribethebehavioroftheﬁbrocartilagenoustissues
of the TMJ under compression by assuming that the solid
matrix may be linearly elastic and isotropic or anisotropic,
and that interstitial ﬂuid are intrinsically incompressible, or
that compression is only possible due to ﬂuid exudation.
Viscous dissipation is assumed to be a result of interstitial
ﬂuid ﬂow relative to the porous permeable solid matrix, and
frictional drag is directly proportional to the relative velocity
and it may be strain dependent. Biphasic approaches have
been utilized which require conﬁned compression chambers
[30] or indentation testing for the TMJ disc [31, 32]. In
anotherstudy,usingbiphasicindentationcreepanalysis,Kim
e ta l .f o u n dt h a tt h ei n t e r m e d i a t ez o n eo ft h ep o r c i n eT M J
disc exhibits an aggregate modulus of 18.6 ± 5.2kPaanda
permeability of 22.8 ± 9.8 × 10
−15 m4/Ns [33]. In contrast,
an additional study found that in conﬁned compression, the
average aggregate modulus of the intermediate, lateral, and
medial regions of human TMJ disc is 69.75 ± 11.47kPa and
the permeability is 3.75 ± 0.72 × 10
−15 m4/Ns [34]. The
values obtained using biphasic models do not deviate greatly
from what was obtained for the axial Young’s modulus of
the goat TMJ disc (20kPa) at 10% strain. However, the
tissue permeability of the goat TMJ disc was found to be
4.47 × 10−14 m4/Ns at 10% strain, which is greater than the
previously reported ﬁndings.
The group from Dr. Athanasiou also showed that using a
viscoelastic model, and a high strain rate, the instantaneous
modulus for the TMJ disc was found to be around 500kPa
[28]. Additionally, when Dr. Detamore’s group investigated
the porcine MCC using a high strain rate it, Singh and
Detamore demonstrated that the average elastic modulus
ranged from about 0.8 to 1.5MPa [29]. While these values
exceed what was observed in the goat TMJ, it is likely that
these diﬀerences are largely attributed to diﬀerences in strain
rate, along with species variation, testing protocols, and
modeling.J o u r n a lo fD e n t a lB i o m e c h a n i c s 7
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Figure3:AveragestressresponseofTMJdisc(a,c,ande)andMCC(b,d,andf)to10%,20%,and30%strainandcurveﬁt.Theexperimental
average is the average stress response of all specimens with the error bars indicating standard deviation. The ﬁt average was obtained by
determining the best ﬁt parameters for the average stress response.8 Journal of Dental Biomechanics
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Figure 4: Biochemicalanalysisof the TMJ disc (n = 8g o a t s× n = 3 regions) and MCC (n = 8g o a t s× n = 3 regions).(a) Percent collagen
content per dry weight. (b) Percent GAG content per dry weight. (c) Percent DNA content per dry weight. (d) Percent water content of the
tissue. The symbol (∗) indicates signiﬁcance (P<. 05) between the TMJ disc and MCC. Error bars indicate S.D.
The collagen content of the goat TMJ disc is less than
that of the previously reported porcine (68.2 ± 14.5%) and
human TMJ disc (62.0 ± 11.4) [17, 34]. We did validate
our collagen assay with porcine samples and obtained results
comparable to literature [35]. Additionally, corresponding
to our lack of signiﬁcant diﬀerences in mechanical behavior
between regions, there was no signiﬁcant diﬀerence in
biochemical content between regions. Further studies need
to be performed to determine the remaining biochemical
contentofthegoatdisc andMCC.AsforGAGs, thecommon
concept of the role of GAGs is that they act to retain water
moleculesprovidinganadded“cushion”undercompression.
However, this did not correspond to our ﬁndings where
the TMJ disc, containing fewer GAGs than the MCC, had
a higher tangent modulus. This seems to indicate that the
collagen has an inﬂuence on mechanical support which
outweighs that of the GAG, since GAG content might be too
low to have a signiﬁcant impact in force bearing.
A limitation of the transversely isotropic biphasic theory
is that it assumes the solid matrix is homogenous and
behaves linearly. It is known that the extracellular environ-
ment of both the disc and the MCC is inhomogeneous, and
it is more likely that the solid part of the tissue exhibits
viscoelastic behavior. Additionally, the theory assumes the
application of low strain rates and lower applied strain,
which was pushed well pass 10% in this study. In the
future, the use of alternate models, such as a ﬁnite element
model, should be used to address the limitations of applying
the transversely isotropic biphasic model to ﬁbrocartilage
when subject to high strain. Similarly, the application of a
model that considers the compression-tension nonlinearity
of tissues in unconﬁned compression stress relaxation, such
as a ﬁber-reinforced model, may also provide for a more
accurate depiction of the tissue behavior in vivo. The MCC,
ingeneral,providedforabetterﬁttothemodelthanthedisc.
This diﬀerence was expected considering that the structure
and composition of the disc and MCC are dissimilar. The
TMJ disc consists of collagen arranged in tight bundles of
anteroposteriorly orientedﬁbersinthezonesthatwere tested
[36]. In contrast, the MCC has a zonal organization of
cartilage consisting of signiﬁcantly less collagen and more
GAG (Figures 4(a) and 4(b)). These structural diﬀerences
aﬀect the porosity of the solid matrix component and the
ability to allow water ﬂow. This is further supported by the
ﬁnding that the water content of the disc is signiﬁcantly
lower than that of the MCC. (Figure 5(d))T h e s ed i ﬀerences
between the two tissues help explain why using a permeable,
solidmatrix modelsuchasthetransverselyisotropicbiphasic
modelismoreappropriatefortheMCC.Aviscoelasticmodel
may prove more appropriate for the TMJ disc, especially atJ o u r n a lo fD e n t a lB i o m e c h a n i c s 9
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Figure 5: Polarized light image of the TMJ disc. (a) Transverse section of untested TMJ disc. (b) Transverse section of mechanically tested
TMJ disc. (c) Axial section of untested TMJ disc. (d) Axial section of mechanically tested TMJ disc.
higher strain rates [28]. Another limitation might be the
shorter relaxation time of 30 minutes. However, on average,
in the last minute of the stress relaxation period, there was
never a change of force greater than 0.01N at all strain
levels for both tissues. Lastly, this study did not quantify and
characterize the various types of collagen and proteoglycans
found in both the TMJ disc and MCC, which could further
explain the diﬀerences in behavior.
Establishing the diﬀerences in composition and function
of the disc and MCC is necessary for understanding the way
these tissues interact in vivo. While both tissues are classiﬁed
as ﬁbrocartilagenous, this study elucidated important dis-
tinctions between the two-joint tissues. As the joint tissues
become better characterized, the appropriate design criteria
for tissue-engineered constructs can be established. The
information from this study provides a necessary framework
for the development of devices that alleviate the symptoms
of TMDs.
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